C ardiac fibrosis is characterized by net accumulation of extracellular matrix in the myocardium and is an integral component of most cardiac pathological conditions. Fibrotic remodeling of the ventricle has profound consequences on cardiac function. Increased deposition of interstitial collagen in the perimysial space is initially associated with a stiffer ventricle and diastolic dysfunction. At a later stage, accumulation of extracellular matrix proteins in the cardiac interstitium activates proteolytic pathways leading to the development of ventricular dilation and systolic failure. Disturbance of the matrix network in the fibrotic heart may cause systolic dysfunction through several distinct mechanisms. First, loss of fibrillar collagen may impair transduction of cardiomyocyte contraction into myocardial force development resulting in uncoordinated contraction of cardiomyocyte bundles. Second, disruption of key interactions between endomysial matrix proteins (eg, laminin and collagen) and their receptors in cardiomyocytes may promote cardiomyocyte death. 1 Finally, fibrosis may result in sliding displacement (slippage) of cardiomyocytes leading to a decrease in the number of muscular layers in the ventricular wall and subsequent left ventricular dilation. Beyond its effects on cardiac function, fibrotic ventricular remodeling also promotes arrhythmogenesis through impaired anisotropic conduction and subsequent generation of reentry circuits.
Extensive evidence suggests that hemodynamic overload activates the renin-angiotensin system triggering potent fibrogenic signals that stimulate cardiac fibroblasts and enhance collagen deposition in the myocardium. Angiotensin II, the central effector molecule of the renin-angiotensin system, stimulates fibroblast proliferation and promotes matrix protein synthesis through interactions involving the angiotensin II type 1 receptor. Angiotensin II-induced fibrosis appears to be mediated, at least in part, through activation of transforming growth factor (TGF)-␤ signaling pathways. 2 Angiotensin II upregulates TGF-␤ synthesis by cardiac fibroblasts and induces expression of the matricellular protein thrombospondin-1, a crucial activator of latent TGF-␤. Increased levels of bioactive TGF-␤ in the cardiac interstitium modulate fibroblast phenotype, promoting collagen synthesis and enhancing matrix preservation through upregulation of tissue inhibitors of metalloproteinases. Active TGF-␤ binds to the constitutively active type II receptor at the cell surface. The complex subsequently interacts with and transphosphorylates the cytoplasmic domain of the type I receptor (T␤RI). Phosphorylation of the TGF-␤ type I receptor propagates downstream intracellular signals through the Smad proteins, essential components of the TGF-␤ signaling pathway. Activation of the Smad2/3 pathway is crucial for TGF-␤-mediated synthesis of matrix proteins and tissue inhibitors of metalloproteinases by cardiac fibroblasts. 3 It is becoming increasingly appreciated that regulation of angiotensin II/TGF-␤ signaling involves interactions with extracellular matrix proteins and proteoglycans. Highlighting the complexity of the molecular circuitry involved in transducing angiotensin II-mediated fibrogenic actions, Schellings et al 4 identified the heparan sulfate proteoglycan syndecan-1 as an essential mediator in angiotensin II-induced cardiac fibrosis. Angiotensin II treatment resulted in marked upregulation of syndecan-1 in the mouse heart, predominantly localized in fibrotic areas. Angiotensin II-induced fibrosis and dysfunction were attenuated in syndecan-1 null hearts; the protective effects of syndecan-1 loss were associated with blunted expression of the TGF-␤-inducible gene connective tissue growth factor. Absence of syndecan-1 reduced matrix protein synthesis in angiotensin II-stimulated cardiac fibroblasts; these in vitro effects of syndecan-1 loss were associated with decreased activation of the Smad2 pathway. On the other hand, adenoviral overexpression of syndecan-1 accentuated TGF-␤1-and angiotensin II-mediated Smad2 phosphorylation and enhanced connective tissue growth factor induction, suggesting that syndecan-1 augments responses to fibrogenic mediators. In contrast, fibroblasts treated with recombinant syndecan-1 ectodomain without heparin sulfate groups had no effect on Smad2 phosphorylation and connective tissue growth factor expression, indicating that syndecan-1 heparan sulfates are involved in fibrogenic signal transduction. The findings provide the first demonstration of a role for syndecan-1 in the pathogenesis of cardiac fibrosis. In addition, the study contributes new insights into the significance of proteoglycan-mediated interactions in fibrotic tissue remodeling.
A growing body of evidence suggests that, beyond their structural role, proteoglycans are directly involved in regulating cell:cell and cell:matrix interactions. The syndecan family of heparan sulfate proteoglycans is composed of 4 members (syndecan-1 through -4), each consisting of an extracellular domain with covalently attached heparan sulfate or chondroitin sulfate chains, a transmembrane domain, and a short cytoplasmic tail. 5 Syndecans act as coreceptors for growth factor binding and are involved in the regulation of integrin-mediated cell adhesion, proliferation, and angiogenesis. Although studies using genetically targeted mice suggested that other matrix heparan sulfate proteoglycans may compensate for the absence of syndecans during development and in tissue homeostasis, experiments using models of injury revealed essential roles for the members of the syndecan family in reparative and fibrotic processes.
Extensive evidence suggests that syndecan-1 is induced in injured tissues and may regulate inflammatory and reparative responses. The biology of syndecan-1 in tissue injury is complex and context dependent. Extracellular domain shedding, because of activation of proteases in the injured area, is believed to play a key role in regulating syndecan-1-mediated interactions. 5 Shed ectodomains may compete with intact syndecan for extracellular ligands and may regulate growth factor bioavailability during wound repair. 6 In addition, studies in models of lung injury demonstrated that shed and exogenous syndecan-1 ectodomains induce neutrophil chemotaxis 7 and that shed syndecan-1 binds to and regulates chemokine activity contributing to the development of a transepithelial chemotactic gradient. 8 The role of syndecan-1 in cardiac pathobiology appears to depend on the context and on the mechanism of injury. Experiments using syndecan-1 null mice showed that, after myocardial infarction, endogenous syndecan-1 is an essential protective mechanism that prevents uncontrolled inflammation and reduces adverse cardiac remodeling and dysfunction. 9 These surprising anti-inflammatory effects of syndecan-1 were attributed to its presumed role as a "barrier" against infiltrating inflammatory leukocytes. This concept was supported by the observation that syndecan-1 null neutrophils exhibited increased adhesion to endothelial cells and enhanced transendothelial migration. In contrast, in the angiotensin II-treated heart, syndecan-1 promotes fibrous tissue deposition and cardiac dysfunction; these effects may be mediated in part through accentuation of angiotensin II/ TGF-␤ signaling (Figure) . On the basis of these observations, it is tempting to hypothesize that the disparate functional consequences of syndecan-1 loss in these two models of cardiac injury may be mediated through regulation of TGF-␤ signaling. In the infarcted heart, syndecan-1-mediated TGF-␤ activation may suppress the intense inflammatory reaction triggered by the death of a large number of cardiomyocytes. On the other hand, in angiotensin II-treated hearts where inflammatory cell recruitment is less prominent, syndecan-1-induced accentuation of the profibrotic actions of the TGF-␤ axis may enhance cardiac fibrosis. However, considering the diverse effects of syndecan-1 on chemokine and growth factor signaling and the potential consequences of ectodomain shedding, syndecan-1-mediated interactions after cardiac injury may affect a wide range of molecular pathways.
The intriguing effects of syndecan-1 on TGF-␤ and angiotensin II-mediated activation of fibroblasts raise an important question. What is the molecular basis for the observed effects of syndecan-1 on angiotensin II/TGF-␤ signaling? Although the mechanisms for these effects have not been explored, several possibilities should be considered (Figure) . First, syndecan-1 may regulate TGF-␤-induced matrix synthesis by modulating expression of TGF-␤ receptors; such effects have been demonstrated for syndecan-2. 10 Second, syndecan-1 may regulate the availability and activity of TGF-␤ in vivo. Third, interactions between syndecan-1 and the TGF-␤ receptors may result in direct modulation of TGF-␤/Smad2/3 signaling. Because syndecans appear to be critically involved in regulating fundamental pathways in tissue injury, repair, and fibrosis, dissection of their role in the injured heart will undoubtedly provide new insight into the mechanistic basis of heart disease.
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